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Ice cores are known to be rich in information regarding past climates, and 
the possibility that they record astronomical phenomena has also been discussed. 
Rood et al.1 were the first to suggest, in 1979, that nitrate ion (NO3–) concentration 
spikes observed in the depth profile of a South Pole ice core might correlate with 
the known historical supernovae (SNe), Tycho (AD 1572), Kepler (AD 1604), and 
SN 1181 (AD 1181). Their findings, however, were not supported by subsequent 
examinations by different groups using different ice cores2–4, and the results have 
remained controversial and confusing5,6. Here we present a precision analysis of an 
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ice core drilled in 2001 at Dome Fuji station in Antarctica. It revealed highly 
significant three NO3– spikes dating from the 10th to the 11th century. Two of them 
are coincident with SN 1006 (AD 1006) and the Crab Nebula SN (AD 1054), within 
the uncertainty of our absolute dating based on known volcanic signals. Moreover, 
by applying time-series analyses to the measured NO3– concentration variations, 
we discovered very clear evidence of an 11-year periodicity that can be explained 
by solar modulation. This is one of the first times that a distinct 11-year solar cycle 
has been observed for a period before the landmark studies of sunspots by Galileo 
Galilei with his telescope. These findings have significant consequences for the 
dating of ice cores and galactic SN and solar activity histories.   
When a SN explodes close to the earth, the nuclear γ-rays produced (~0.1–1 MeV) 
can lead to an enhancement of nitrogen oxide production in the middle atmosphere or 
the stratosphere. SN events could therefore be traced in ice cores as NO3– concentration 
spikes. Possible SN-caused NO3– concentration variations in Antarctica, however, can 
be disturbed by nitrogen oxides transported thorough the troposphere from lower 
latitudes. Since such nitrogen oxides tend to precipitate in coastal regions, drilling sites 
in inland parts of Antarctica are preferable for our purpose. Dome Fuji station (Fig. 1) is 
an inland site, and hence ice cores obtained there are likely to contain much 
stratospheric information. The 10 m depth snow temperature at Dome Fuji is –57.3 ºC, 
and the mean accumulation rate (MAR) of ice from 1995 to 2006 was 27.3±1.5 mm 
water-equivalent yr–1 [7]. 
Bombardment of the atmosphere by high-energy (~10–500 MeV) protons 
originating from solar flares, so-called solar proton events (SPEs), may also leave NO3– 
concentration spikes in ice cores8. Consequently, we must be careful to consider 
possible SPEs when we search ice cores for SN signals, and must carefully choose the 
era such that the core samples are less likely to be affected by SPEs. The period 
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between AD ~1040 and ~1060 is known to be quiet in auroral activity and, hence, solar 
activity9. Accordingly, probably no large solar flares accompanied by SPEs occurred in 
these two decades. Coincidentally, the SN explosion in AD 1054 of the Crab Nebula 
occurred during this time period, making it a good target, as recommended by Stothers10. 
We therefore analysed an ice core that included ice deposited during the 11th century, 
searching for a pair of NO3– peaks that might be associated with the two historical SN 
events in that century: SN 1006 and the Crab Nebula. A pair of NO3– spikes, separated 
by ~50 years, would strongly support a possible correlation between SNe and NO3– 
concentration spikes.  
We studied a potion of a 122-m-long ice core drilled in 2001 (hereafter referred to 
as the DF2001 core). The core was cut at Dome Fuji and transported to the National 
Institute of Polar Research (NIPR, Japan) in 50-cm-long segments. These segments 
were further cut into shorter pieces; those from core depths below 50 m were each ~3 
cm long and those from shallower depths were ~4 cm long. We thereby obtained a total 
of 323 samples covering approximately 200 years, with an average time resolution of 
0.6 year per sample. Using high-performance ion chromatography, we analysed these 
samples for anion and cation concentrations. The typical measurement precision for 
NO3– concentration was within ±0.01 µeq L–1 as detailed in Supplementary Information. 
Figure 2 shows the NO3– concentration profile from 45.5 to 56.8 m depth. The results 
revealed two sharp NO3– concentration spikes at depths of around 47.40 and 48.07 m, 
and another broader spike at around 50.85 m. We performed replicate measurements on 
the residuals of the samples yielding the spikes, and successfully reconfirmed (within 
error) these results (Fig. 2).  
Our overall NO3– measurement data gave a mean of 0.247 µeq L–1 and a standard 
deviation (1σ) of 0.057 µeq L–1. The spikes at 47.40, 48.07, and 50.85 m depth were 
accordingly found to deviate from the mean by 3.6σ (two data points), 6.7σ (one data 
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point), and 5.1σ (two data points), respectively. Although the histogram of all the data 
was rather asymmetric, if the data distribution is assumed to be Gaussian with these 
mean and 1σ values, the statistical probability that a data point would fall outside the 
3.6σ threshold is 0.032%. We should thus expect to find only 323 × 3.2 × 10-4 = 0.1 
such cases among the 323 analysed samples. It is therefore clear that the three spikes are 
highly significant and cannot be explained by mere statistical fluctuations.  
Such large fluctuations might originate from contamination artefacts. In particular, 
such artefacts are more likely at the edges of a core segment11. In our study, the spikes 
at around 47.40 and 50.85 m depth were from several samples from the middle of core 
segments, but that at 48.07 m was measured on a sample at a segment end. We observed, 
however, that this core segment was clean, and its connection to the adjacent segment 
was without defect. Furthermore, the average NO3– concentration in our core-end 
samples, 0.243±0.060 µeq L–1, exhibits no excess above the mean, 0.247±0.057 µeq L–1, 
averaged over the entire 323 samples (both errors are 1σ  values). Hence, no 
contamination was found in our core-end samples. We further confirmed that the three 
spikes were not accompanied by any sudden changes in water isotope (δ18O, δD, d-
excess) concentrations, thus excluding the possibility that any sudden violent climate 
changes occurred at those times. We therefore conclude that the three NO3– 
concentration spikes are real, and reflect natural phenomena other than climatic 
variation. 
The depth–age relation in ice cores is usually determined by using past volcanic 
eruption signals as absolute time markers, and the portion of the core between two 
adjacent time markers is dated by assuming a constant MAR between them12. We 
detected clear non-sea-salt sulphate (nssSO42–) spikes at 38.80 and 85.61 m depth, 
which can be associated with known volcanic eruptions in AD 1260 (possibly of El 
Chichon, Mexico13; assuming a 1-year lag between the eruption date and the signal in 
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the core12) and AD 180 (Taupo, New Zealand14), respectively. We also found two other 
major peaks in the nssSO42– profile, at depths of 42.48 and 70.29 m, and identified them 
with volcanic eruptions in AD 116815,16 and AD 63916,17, respectively. These events 
have been detected in bipolar ice core records, and the dates are considered accurate to 
within ±5 years15 for the AD 1168 event and ±2 years17 for the AD 639 event. The depth 
of the AD 1168 event in our DF2001 core, relative to the well-established AD 1260 
peak, is consistent with that predicted by the MAR between AD 1260 and 1454 (26.4 
mm water-equivalent yr–1). The AD 639 event was also identified in another core, 
drilled in 1993 at Dome Fuji station18, and the depth agrees well with the present 
identification.  
These identifications of volcanic eruptions result in MARs of 25.1, 35.5, and 24.3 
mm water-equivalent yr–1 for AD 180–639, 639–1168, and 1168–1260, respectively 
(Figure 3, model A). The clear enhancement of MAR between 42.48 and 70.29 m depth 
(AD 1168 and 639, respectively; see Fig. 3) strongly suggests the existence of the so-
called Medieval Climatic Anomaly (MCA)19. In fact, large increases in annual layer 
thicknesses were observed20 at around 50 m depth in the core obtained at Dome Fuji in 
1993; sudden decreases in the δ18O profile were also found at the depths where the 
annual layer thickness increased dramatically. 
At the Dome Fuji site, the MCA probably occurred between the identified 
volcanic events of AD 639 and 1168 (i.e., within this 529-year interval), because the 
dates of the MCA are usually recognized as between AD 800 and 130019, and because 
its duration has been suggested to be ~400 years in a core from the South Pole21 and 
also in one from near the Antarctic Peninsula22. In a Greenland core, the MCA, 
associated with a large MAR, has been reported to have lasted from AD ~700 to 
~110023. On the basis of these findings, we infer that the MCA was recorded from 69.10 
to 45.38 m depth, where strong decreases occur in the δ18O depth profile24 in the 
6 
DF2001 core. We then assumed that the MAR calculated for the AD 180–639 interval 
lasted until the MCA starting depth (69.10 m), and that the MAR calculated for AD 
1168–1260 began at the MCA ending depth of 45.38 m (Fig. 3, model B). Accordingly, 
we calculated the MCA starting and the ending depths in model B to be AD 673 and 
1094, respectively (Fig. 3). The resulting MCA duration, ~420 years, is consistent with 
the reported values for Antarctica21,22, described above. Note that our data region of 
interest was totally within the MCA period of either model A or B (Fig. 3). The model 
B MAR during the MCA was 38.3 mm water-equivalent yr–1 (Fig. 3). If the MCA 
duration were much shorter than the model B duration, the deduced MAR during the 
MCA would be much larger than that indicated by the water isotope variations obtained 
so far from the Dome Fuji ice cores.  
At the top of Figure 2, we have plotted our model chronologies A and B, 
determined by using model MARs A and B, respectively, shown in Figure 3. As a result, 
two of the three spikes fall very close to the explosion dates of SN 1006 and the Crab 
Nebula (AD 1054). By assuming a 1-year lag between each explosion date and the 
signal in the ice core, we can estimate the associated date uncertainty from the model 
chronologies. Accordingly, the estimated uncertainty ranges of the absolute ages 
corresponding to AD 1007 (SN 1006) and AD 1055 (the Crab Nebula) are 15 and 19 
years, respectively (horizontal bars in Fig. 2). These uncertainty ranges consequently 
well include the expected signals of the two spikes at depths of about 48.07 and 50.85 m 
(Fig. 2). In addition, according to our model A chronology, the peak-to-peak separation 
of the two spikes is 51 years, and 47 years according to the model B chronology. These 
separations are again very close to the value of 48 years, representing the historically 
known time difference between the explosions of SN 1006 and the Crab Nebula.  
Let us now examine the probability of the chance occurrence of two spikes in the 
uncertainty ranges of the expected SN signal dates with the expected relative age 
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difference of ~48 years. We can easily estimate an upper limit of the probability by 
considering that at least one spike occurs in the uncertainty range (15 years) 
corresponding to the expected signal date (AD 1007) for SN 1006 and at least one spike 
occurs in the uncertainty range of the relative age difference, 51 – 47 = 4 years. Since 
three spikes appeared during a ~200-year period, the frequency of occurrence of NO3– 
spikes in the core is ~0.015 per year, so the probability of no spikes in a year is q ≈ 
0.985. Thus, the upper limit of the probability of a chance occurrence can be calculated 
to be (1 – q15) × (1 – q4) ≈ 1 × 10-2, or 1 %. In this calculation, any number of spikes 
might occur anywhere; we did not exclude such a case of third spike occurring between 
the spikes at 48.07 and 50.85 m depth, for example. Also, for simplicity, we did not fix 
the location of the 15-year uncertainty range on the absolute dating axis (see Fig. 2). 
Hence, the actual probability should be much smaller than 1%. Thus, it is very unlikely 
that these two spikes occurred in these positions by chance. In other words, these two 
spikes are associated with SN 1006 and the Crab Nebula, respectively, with a 
confidence level much larger than 99%. 
We observed a modulation with a period of about 10 years in the background 
trend of the NO3– concentration profile (Fig. 2). This modulation could represent the 11-
year solar cycle, as reported in NO3– concentration profiles in other cores from 
Antarctica11,25,26. If this is the case, determination of the period of the modulation in our 
NO3– data could be used to reinforce the validity of our core dating. We hence 
performed periodgram analyses on the NO3– time-series data. Figure 4 shows the results 
in relation to the model B chronology, obtained by using the epoch folding method27, 
which has a clear mathematical basis. Here, we have omitted the five data points larger 
than 0.4 µeq L–1 that were spike components. The periodgram shows a peak at 10.7±0.3 
(FWHM) years (χ2 = 22.1, corresponding to the 99.9 % confidence level; Fig. 4). With 
the model A chronology, the period becomes 11.6±0.3 years. This range, 10.7 to 11.6 
years, is consistent with the known 11-year solar modulation. It is also in accordance 
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with the solar periodicity of 9±1 (1σ) years28 derived from radiocarbon measurements 
of tree rings within the 2σ uncertainty. These results strengthen our inferences about the 
MARs in MCA and hence further confirm that the model chronologies assumed here are 
appropriate.  
The NO3– concentration spikes interpreted to date to be associated with SPEs 
typically increase over 1 month or less8. Consequently, the SN 1006 candidate spike, 
which rises over ~2 years (Fig. 2), cannot be a SPE. On the other hand, the Crab Nebula 
candidate spike consists of only one data point; hence, its actual duration is not resolved 
in our data. However, as described above, SPEs are scarcely expected at around the 
middle of the 11th century, because solar activity was quiet at that time. Even the largest 
SPE-associated NO3– spike8 reported from Antarctica, if it occurred at the depth of the 
Crab Nebula candidate spike, would have a height (excess NO3– concentration above 
the background level) only one third that of the Crab Nebula candidate spike. Therefore, 
we can reject the possibility that the Crab Nebula candidate spike was produced by a 
SPE. Moreover, using available knowledge of the radiation chemistry processes induced 
by γ-rays29 and important neutral chemical reactions of nitrogen in the stratosphere30, 
we estimated the order of magnitude of nitrogen oxide production under a simple 
assumption that the SN γ-ray energy is equipartitioned within an atmospheric column at 
the altitudes between 25 and 45 km. We found that SN 1006 could produce nitrogen 
oxides about one order of magnitude higher than that from solar radiation, and that the 
Crab Nebula of the same order of magnitude. From the energetics point of view, it is 
thus reasonable that the SN spikes with large amplitudes appear above the solar cycle 
background trend.  
Finally, we conjecture that the third spike, which we dated to around AD 1060–
1080 (Fig. 2), may be the signal of an unknown astronomical event. A giant burst from 
a soft γ-ray repeater could account for this spike. Alternatively, it could be the signal of 
9 
a SN that was visible only from the Southern Hemisphere or one that exploded behind a 
dark cloud. Further extending our analysis to deeper and shallower ice cores would give 
fruitful information on galactic SN and solar activity histories, the dating of ice cores 
using SN signals as time markers, and even the effects of atmospheric circulation. Ionic 
measurements covering the past 2,000 years, including analyses of all known historical 
SNe and solar periodicity, is now in progress. 
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Figure 1. Location of Dome Fuji station (77.2ºS, 39.4ºE; 3810 m ASL) at the 
highest point in east central Antarctica.  
Figure 2. Profile of NO3– concentrations in a portion of an ice core drilled in 
2001 at Dome Fuji station, shown as a function of core depth (bottom axis) and 
our model chronologies (top axis). The blue open squares indicate replicated 
measurement results. The measurement error (±0.01 µeq L–1) is shown only at 
55.98 m depth (see Supplementary Information). The horizontal bars denote 
ranges within which SN 1006 and the Crab Nebula signals would be expected 
(with widths of 15 and 19 years, respectively), as determined from our dating 
uncertainties. The vertical, blue dashed lines indicate the positions of AD 1007 
(SN 1006) and AD 1055 (Crab Nebula) in relation to model A chronology, and 
the green dashed lines their positions according to model B chronology.   
Figure 3. Assumed MARs yielding our two model chronologies. The blue solid 
line indicates the MARs (model A) obtained from the identified volcanic 
eruptions. The green dashed line shows the MARs (model B) derived from the 
δ18O measurements in the DF2001 core. Values in parentheses are the 
corresponding dates AD. The maximum MAR value in model B was obtained by 
conserving the total amount of ice that accumulated between the AD 639 and 
1168 volcanic time markers. 
Figure 4. A periodgram of the row data series of NO3– concentrations (excluding 
the five data points exceeding 0.4 µeq L–1), obtained by the epoch folding 
method27, with our model B chronology. Each period cycle was divided into 7 
phase bins. 
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Fig. 2. Profile of NO3- concentrations. 
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Fig. 3. Assumed MARs. 
 
45
40
35
30
25
20
15
M
ea
n 
ac
cu
m
ul
at
io
n 
ra
te
 (
m
m
 w
at
er
-e
q.
/y
)
85807570656055504540
Depth (m)
B
A
Data range in this study
!18O↓
↓nssSO4
2-
(639) 
(1168)
(180)
(1260) (1094)
(673)
↓!18O
nssSO4
2-
         ↓
17 
 
 
 
 
 
 
 
Fig. 4. A periodgram of NO3- concentrations. 
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Supplementary Methods (Supplementary Information) 
We analysed the concentrations of both anions and cations with the Dionex 500 high-
performance ion chromatography (IC) system at the NIPR (Japan). Figure S1 shows the 
relationship between the signal intensity (area) observed with IC and the concentration 
of NO3– ion in the calibration solutions. Four different solutions were measured twice; 
the reproducibility was quite good (in Fig. S1, it is difficult to distinguish the two blue 
data points plotted for the same concentration). Furthermore, we obtained an extremely 
straight calibration line, indicating a measurement error within ±0.01 µeq L–1, or 3–4% 
against the background level. Since this error is very small, it is concluded that the 
sample variance of our NO3– ionic data was governed not by the measurement error but 
by other causes. 
 
 
Figure S1. A typical calibration line for the NO3– measurements with IC, relevant 
to our study. 
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